Weyl semimetals with time reversal symmetry breaking are expected to show various fascinating physical behaviors, such as intrinsic giant anomalous Hall effect, chiral anomaly effect in the bulks, and Fermi arcs on the surfaces. Here we report a scanning tunneling microscopy study on the magnetic Weyl semimetal candidate Co3Sn2S2. According to the morphology and local density of states of the surface, we provide assignments to different surface terminations. The measured local density of states reveals a semimetal gap of ~300 mV, which is further verified as the gap in spin-minority bands using spinresolved tunneling spectra. Additionally, signature for the nontrivial surface states around 50 mV is proposed. This is further confirmed by the observations of standing waves around a step-edge of the sample. Our observations and their comparison with band structure calculations provide direct yet timely evidence for the bulk and surface band structures of the magnetic Weyl semimetal Co3Sn2S2. † These authors contributed equally ‡ Present address:
I. INTRODUCTION
Topological electronic states originating from a nontrivial bulk band structure have motivated immense interests in the community of condensed matter physics [1, 2] . Recently, more exotic Weyl semimetals have been proposed and discovered as a new type of topological materials [3] [4] [5] [6] [7] [8] .
Weyl nodes stem from the band splitting driven by spin-orbital coupling (SOC) due to the inversion symmetry breaking or time reversal symmetry (TRS) breaking. In a Weyl semimetal, the net Berry flux arises between a pair of Weyl nodes of opposite chirality, and non-closed Fermi arcs are expected to connect the projection of two opposite Weyl nodes [8] . On the contrary, the surface states in other topological materials like Dirac semimetals are closed. As a result, a Fermi arc is regarded as a fingerprint of Weyl semimetal, which can be directly verified by surface sensitive methods [6] [7] [8] , such as scanning tunneling microscopy (STM) and angleresolved photoemission spectroscopy. Although Fermi arcs have been observed in many nonmagnetic Weyl semimetals [8] , it is still unexamined in magnetic Weyl semimetals where breaking of TRS plays a role. In such systems, two-fold degenerated Weyl fermions are expected to generate some exotic spin-electronic phenomena, such as an anomalous Hall effect [9, 10] , chiral anomaly in transport measurements [11] [12] [13] , and a gravitational anomaly effect [14] .
Consequently, applications of topological and spintronic properties in a magnetic Weyl semimetal are promising [15, 16] .
Recently, some candidate materials for TRS-breaking magnetic Weyl systems have been proposed, such as Y2Ir2O7 [3] , HgCr2Se4 [5] , GdPtBi [9] , YbPtBi [17] , Co2ZrSn [18] , Co2MnGa [19] , and Co3Sn2S2 [20] [21] [22] . Among them, semimetallic Co3Sn2S2 is unique since an intrinsic and a large anomalous Hall effect was clearly observed by electric transport measurements [20, 22] .
This compound possesses a type-IA half-metallic ferromagnetism with the minority-spin component gapped around the Fermi level (EF). Further density functional theory (DFT) calculations indicate that there are six nodal rings in the majority-spin channel based on the band inversion. Upon including SOC, the nodal rings are gapped and three pairs of Weyl nodes in the first Brillouin zone are formed [20] [21] [22] . More interestingly, the Weyl nodes are located only 50-60 meV above the charge neutrality point [20] [21] [22] , generating pronounced effects in transport measurements. With giant anomalous Hall effect and chiral anomaly induced negative magnetoresistance, the Weyl fermions are expected to, appear in a magnetic Kagome lattice.
To further elucidate Co3Sn2S2 as a magnetic Weyl semimetal, investigations of its (spin dependent) band structure and Fermi arc surface states are crucial. Here, we study Co3Sn2S2 by utilizing low temperature scanning tunneling microscopy/spectroscopy (STM/STS) down to 2 K.
Normal tungsten tips and spin-polarized Cr-coated STM tips are used for measuring the local density of states (LDOS) and spin-resolved LDOS, respectively. At the same time, surface states induce standing waves near a step-edge, and their dispersion is visualized by measuring STS maps around step-edges.
II. EXPERIMENTAL METHODS
The single crystals of Co3Sn2S2 can be grown by slowly cooling the melts with the congruent composition. The polycrystalline samples of Co3Sn2S2 were sealed in a quartz tube with some iodine. The samples were heated to 1000 °C over 6 hours and kept there for 24 hours before being slowly cooled to 600 °C over 7 days. Thin single-crystalline flakes were obtained on the wall of the quartz tubes, and large single-crystalline plates were obtained at the bottom of the quartz tubes. Co3Sn2S2 single crystals were cleaved in situ at T < 20 K to expose a (001) surface.
After cleaving, the samples are quickly transferred to the STM head and measured in ultra-high vacuum (p < 3 × 10 -9 Pa) and at low temperature (T = 2 K). The tunneling spectra were measured using tungsten tips (for normal LDOS) or Cr-coated tips (for spin-resolved LDOS) and acquired by the standard lock-in technique.
III. RESULTS AND DISCUSSION
A. dI/dV-spectra of different crystal surfaces Co3Sn2S2. Samples are synthesized by the means described in the methods part.
As shown in Fig. 1 were studied by STM at 2 K which is well inside the magnetically ordered phase. Figure 2a shows the hexagonal unit cell of Co3Sn2S2. As demonstrated in the inset, both Sn and S-layers exhibit a hexagonal lattice with Sn-Sn and S-S distances of 5.369 Å, while Co atoms are arranged in atwo-dimensional (2D) Kagome lattice. S-, Sn-, and Co3Sn-layers sandwich along caxis and give a lattice parameter c = 13.176 Å. Figures 2b and 2c show typical topographies of Co3Sn2S2 for the thick plate-type sample and thin flake-type sample, respectively. Plate-type samples normally show only few vacancy-type defects on the surface as shown in Fig. 2b . Given that the step-edge in Fig. 2b is around 90 pm in height and the exposed lattice structure is hexagonal, the observed surfaces in this figure should be the S1-or S2-terminated surface, as denoted in Fig. 2a . To elucidate the surface termination, we measured LDOS by normal tungsten STM tip and compared the spectra with calculated density of states (DOS) for S-terminated surfaces (see Fig. S1 in Supplementary Material [23] ). Figure 2d shows similar tunneling spectra obtained on each side of the step-edge in Fig. 2b . The dominant feature of the spectra is the pronounced but partially opened band gap, with a size of over 300 meV. In addition, there are several broad peaks distributed in the curves. Remarkably, the gap and peaks (marked by gray arrows in Fig. 2(d) ) in the dI/dV-curves are all reproducible in the projected DOS for S-terminated surface (see Fig. S1 in Supplementary Material [23] ).
Meanwhile, the calculated bulk DOS also resembles the dI/dV-curves in Fig. 2d . More importantly, while the projected DOS from our slab calculations of the first three layers as well as the bulk DOS are relatively featureless at around 50 meV, our measurements reveal an additional hump in LDOS centered around 50 mV (Fig. 2d ). This energy level is where Fermi arc surface states are expected [20] [21] [22] . For the STM tip, tunneling into the 2D surface states could be much more pronounced than into the bulk states [24] , while in the calculations, the contributions of the surface states are averaged out and therefore is not pronounced. Additionally, this hump is also sensitive to defect, distinguishing from the bulk states (see Fig. S2 in Supplementary Material [23] ). Consequently, we temporally propose that the Fermi arcs induce the additional hump around 50 mV in the dI/dV-curves. This argument will be further elucidated in the following. We noted that the dI/dV-curves in Fig. 2 (d) are widely observed in the sample, while in some cases other types of surfaces and spectra are observed. As shown in Fig. 3(a) , although atoms also array in a triangular lattice, the types of defect are different from the S-terminated surfaces.
In the latter case, a high density of vacancy is observed, while only big protrusions present in Fig. 3(a) . Correspondingly, the dI/dV-spectra are quite different from S-terminated surfaces, as shown in Fig. 3(c) . Taking the lattice structure and the spectrum into account, we define such rarely observed surface in Fig. 3(a) to be Sn-terminated surface. This definition is identical to Morali et al. [25] . The sharp peak marked by the black arrow in Fig. 3 (c) seems identical to that observed by Ying et al. [26] , which is understood as a feature of frustrated Kagome flat band. But this kind of surface is defined as S-terminated surface in Ref. [26] . The flake-type crystal was also investigated. This sample normally cleaves between Co3Sn-S layers, and therefore, the Kagome lattice is exposed (see Fig. 3(b) ). The dI/dV-spectrum in Fig. 3(d) is obtained on the Kagome lattice. Surprisingly, this spectrum shares the major features with those from S-terminated surface, except that the partially opened bulk gap reduces from 300 to 250 meV. Additionally, small peaks around EF and -250 mV are observed, which are likely origin from the 3d orbitals of
Co. However, Sn is normally missing in the exposed Co3Sn layer and the Kagome lattice becomes inhomogeneous electronically, as shown in Fig. 3(b) . Therefore, the following STS measurements are exclusively focused on the surfaces of thick plate samples. One key feature of Co3Sn2S2 is its half-metallic nature, with one spin channel being gapped and the other being metallic [20, [27] [28] [29] [30] . This property is of great importance for the magnetic Weyl semimetal with observable topological bands and measurable electronic transport properties such as the giant anomalous Hall or Nernst effect. Here, we further investigate its spin-dependent band structure by means of spin-resolved STS using a Cr-tip [31, 32] . This tip uses a thin layer of Cr (∼10 nm) to provide predominantly out-of-plane spin resolution. Such an antiferromagnetic Cr-coating layer has additional advantages, compared to ferromagnetic tips: it produces no significant stray field and is insensitive to external fields. Detailed information and the preparation process of this spin-polarized tip can be found in Ref. [33] . Figure 4(a) shows the spin-resolved STS measured around 2 K and with ± 3 T magnetic field applied along the c-axis of the sample. The data taken at +3 T after the cycle is consistent with the initial measurement at +3 T (see Fig. S3 in the Supplementary Material [23] ), indicating the tip status is the same during the measurements. For the antiferromagnetic Cr-tip, we assume its spin at the tip apex points downward. The spin orientation of the tip should not change with external field orientation, because of its antiferromagnetic order. Therefore, one of the two spin-degenerated bands dominate the dI/dV-curves either at +3 T or −3 T due to the spin-valve effect [34] .
B. Half metallicity
Comparing with the experimental data, the calculations in Figs. 4(b) and (c) reproduce the minority-spin channel very well. Especially around EF, the ~300 meV spin gap is well confirmed.
On the other hand, the majority-spin bands can also be detected for the negative field direction, which is manifested by the 'V'-shape DOS around EF. However, the spin gap of the majorityspin band around -0.5 eV could not be clearly resolved, and only a flat region is presented in the dI/dV-curve. Because the spin polarization of the Cr-tip, S, is not 100% (typically around∼50% [31] ) and reaches its maximum around EF, one should get a better spin resolution at low bias voltage. We also note that spins of the tip and the sample are often not perfectly aligned with each other.
With the spin dependent dI/dV-curves, one can further calculate the effective spin polarization ratio (Pse) of the tip-sample tunnel junction [34] :
where dI/dV↑↑ and dI/dV↑↓ are the tunneling conductance of the majority-and minority-spin components, respectively, and S is the spin polarization ratio of the tip. Theoretically, the spin polarization of the sample can be derived by Psc= (DOS↑-DOS↓)/(DOS↑ +DOS↓), where ↑ and ↓ denote the majority-and minority-spin components. Taking S = 55%, Pse fits Psc in Fig. 4(d) .
Remarkably, the experimental data follows nicely the calculations below EF and the value of S is comparable with previous report [35] . Above EF, where the experimental dI/dV-curves are relatively featureless, we notice that Pse and Psc have opposite peak and valley positions, such bias dependent tunneling probability can be understood in terms of bias-dependent spin polarization of the tip [36] . The field-dependent tunneling and the similarity between Pse and Psc in a wide energy range confirms the half-metallic nature of Co3Sn2S2, though the current method could not derive a precisely spin polarization ratio around the Fermi level.
C. Analysis of the surface states
The above experimental results confirm that our bulk band structure calculations describe the bulk states of Co3Sn2S2 appropriately, even after including the spin components. Now, we turn to the analysis of the surface states. In this respect, STM can be applied to probe the band dispersion by making use of point-(e.g. an impurity or vacancy) or line-defects (e.g. step-edges).
In these cases, standing waves of the electrons due to the so-called Friedel oscillations are expected [37, 38] . Normally such oscillations are pronounced for 2D states in which only inplane scatterings are allowed [39] . Figure 5 (a) shows a topography of Co3Sn2S2, likely of a Sterminated surface, with several line-defects along the x-direction. A height scan along the white dashed-dotted line is presented in Fig. S4 in the Supplemental Material [23] , which shows the step-edge on the right-hand side is a half unit cell (7 Å) in height. On the left-hand side, several scratches due to missing atoms on the top layer could be observed. To probe standing waves of the surface states, we measured the LDOS along the white dash-dotted line and between the two edges.
The raw data of line-scanned LDOS are included in Fig. S5 in the Supplementary Material with the lattice-induced periodic oscillations and an averaged background signal filtered out. Here we define
, where r is the distance to the deep step-edge, n is the total number of the averaged curves and 
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. Although putative scattering paths in calculations and the STS data indeed share similar behavior, there is considerable deviation between them. However, taking the complicated FS of this compound and the small energy window into account, it is difficult to precisely determine the details of the surface states in our model. A much intensive calculation is required for further study once additional information from momentum space is available. Fig. 6 . dI/dV-curves on top of and away from the deep step-edge in Fig. 5(a) . The red curve is obtained right on top of the step-edge. The inset shows the difference of LDOS between the red and blue curves (δdI/dV= dI/dV(r=0)-dI/dV(r=7)).
IV. CONCLUSION AND PERSPECTIVES
Taking the above experimental results and calculations, we provide a new insight into the surface and bulk states of Co3Sn2S2. Firstly, the surface terminations and the corresponding tunneling spectra have been verified. Then, the comparison between STS spectrum and band structure calculations provides signatures of Weyl nodes in this ferromagnetic compound.
Particularly, the step-edge shows an important role for extending the scope of topological nontrivial states. In this respect, STM is powerful for studying diverse topological nontrivial states in low dimension or at the edge, corner or hinge. In respect to material, it is worth mentioning that the 2D Kagome lattice supports exotic phases including spin liquid [40] , topological insulator [41] , and quantum anomalous Hall effect [42] . While the Kagome-lattice metallic Fe3Sn2 was recently found to bear massive Dirac fermions [43] , the semimetallic Co3Sn2S2 now is promising to host Weyl fermions, which further manifests the Kagome lattice as a versatile platform for novel electronic states, such as a Kagome magnet [26] . Another intriguing feature is the suppression of LDOS just around 50 mV on the step-edge, where nontrivial surface states are predicted. After removing the signal obtained away from the edge, a gap-like feature is manifested in the δdI/dV-curves right on the edge (black curves in Figs. 5c and Fig. 6 ). Whether chiral edge states will replace the Fermi arcs on the step-edge in the case of quantum anomalous Hall insulator is still an open question and need further study [44] .
